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Evaluation of the relative importance of electrostatic and orbit- 
al effects in determining facial selectivities of n systems (rr-facial 
selectivity) in nucleophilic and electrophilic additions to trigo- 
nal carbon centers is currently a topic of intense debate." - 3 1  We 
have recently reportedr2] the addition of electrophiles such as 
BH,, peracid, and Hg(OAc), to some endo-substituted 7- 
methylenenorbornanes, for example 1 a, with sterically indistin- 

guishable 7c faces and 
reconciled the observed 

utrri & .sjn-face selectivity in 
terms of the Cieplak 

according to 
which the electrophiles 

o a  0. R l e R = R ' = C N  should approach l a  
from the face opposite 
to the more electron- 

rich 0, bond. However, on the basis of PM3 calculations on 
7-methylenenorbornyl derivatives 1 a. 1 c, and related systems. it 
has been proposed[31 that the initial approach of a charged 
reagent would be along the mti side, governed by electrostatics, 
and the subsequent nucleophilic attack (for example, by water) 
would lead to the observed product stereochemistry. 

Studies on  CCI, and halonium ion additions to  these systems 
were suggested for providing further insights. We now report 
experimental facial selectivities for the addition of such electro- 
philes to 7-isopropylidenenorbornane derivatives (2) and provide 

interpretations on  the 
basis of a b  initio molec- 
ular electrostatic poten- 
tials (MEP) and elec- 

2 a  R = C N  tron densities, as well as 
2 b  R = COOCH, semiempirical transi- 

tion state energetics. 
The use of the iso- 
propylidene unit offers 
significant advantages. 

From an experimental point of view, the double bond becomes 
more reactive, which enables the study of carbene additions.['] 
Further, unlike in 1, the site of electrophilic attack is likely to be 

1 a R = R '  = COOCH, 
1 b R = F, R '  = H 

~ R I  I c R = R ' = F  
l d R = C N , R ' = H  

l J ? I l i  H3C7Jk\ C;;,r 

R 
& 
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a t  C7 and not a t  C8, a factor which is crucial for interpretation 
of the experimental results. Finally, the mechanistic details of 
electrophilic attack in 2 are unambiguous and the steric neutral- 
ity on the two n faces is maintained. 

7-Isopropylidenenorbornanes 2 smoothly undergo dichloro- 
carbene and singlet oxygen addition, epoxidation, and reaction 
with the bromine(1) cation. The reaction conditions, yields. and 
products obtained are shown in Scheme 1 ,  and the n-face selec- 

a )  or b) 
2 a , b  - 

I 
R 

3 a  X = CCl,, R = CN 

S a  X = 0, R = CN 
3 b X = CCI,. R = COOCH, 

S b X = 0, R = COOCH, 

R 

7 a  X = Br, R = CN 
7 b X = Br, R = COOCH, 
9 a  X = O H ,  R = C N  
9 b X = O H ,  R = COOCH, 

R 

4 a  
4 b  
6 a  
6 b  

R 

8 a  
8 b  
10 a 
10 b 

Scheme 1. Electrophilic addltlons to 2. a) Cl,CCOO-Na+. dimethoxyethane- 
(DME);tetrachloroethylene. A. 80-93 %; b) m-chloroperbenzoic acid (m-CPBA), 
Na,CO,. CH,CI,. 0-5 C.90-95%:c) N-bromosuccinimide, 10% aqueous DME. 
95%: d )  '0,. h. methylene blue. CH,CI,, then NaBH,, MeOH, 75-81 %. 

tivities are summarized in Table 1 .  Structures of diastereomers 
were determined on the basis of ' H  and 13C NMR data, but more 
specifically through the greater deshielding of the C2 exo-proton 
in the syz-addition products (3, 5, 7, 9) relative to that of the 
anti-products (4, 6, 8, 10).[2,6,71 

T2able 1. Experimental ratios of .TW-  and unti-addition products of 2 with :CCI,, 
nr-CPBA. Br'. and '0 ,  [a]. 

: X I ,  m-CPBA Br' ' 0 2  

.syn unri Compound s j i r  on!; SVI anti sw7 anti 

2a 78 22 77 23 72 28 78 22 

Zb 60 40 62 38 59 41 61 39 
3a 4 a  5 a  6a 7a[b]  Sa[b] 9a 10a 

3 b  4b 5b 6b 7b[b]  Sb[b ,c ]  9b 10b 

[a] Product ratios ( + 5 % )  are based on ' H N M R  spectra. [b] Exhibits marked 
propensity for allylic rearrangement. [c] Could not be obtained pure but its pres- 
ence was inferred from high-field NMR data. 

The results confirm that even a single electron-withdrawing 
substituent in the endo position is capable of inducing syn-facial 
electrophilic addition. thus reinforcing our earlier 
There is also no ambiguity about the initial direction of attack of 
Brf .  Since the nucleophilic attack on the bromonium ion is 
followed by an elimination to give the olefins 7 and 8, the loca- 

1390 t ' .  VCH ~ , ~ l i ~ ~ . ~ ~ i ~ s i , J l . s ~ / z u j r  m h H ,  0-69453 Wi~~rhrirn, 1994 0570-0~33~33:94!1313-13YO $ iO.OO+ . 3 ! 0  Atiziw. Chem. l ~ ! .  Ed. Engl. 1994. 33. N o .  13 
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tion of the bromine atom in these products directly reveals the 
direction of the initial electrophilic attack. Based on the observed 
product ratios, the charged electrophile Br' as well as neutral 
CCI, prefer to approach the syn face of 2a and 2b. 

To delineate the nature of the electronic control of the observed 
selectivities, we carried out a topographical analysis of the molec- 
ular electrostatic potentials of 1 a, b and 2a, b at  the ab initio 
level with the 6-31G basis set. using the parallel SCF program 
INDMOL.[81 In particular, we focused on the MEP minima 
whose depth generally correlates with electron density. For  both 
series of compounds, the MEPs about the two faces are un- 
symmetrical; the (3, + 3) critical point on the anti face consis- 
tently has a more negative value (Table 2). A similar asymmetry 
computed for l c  at  the PM3 level has been identified as the 
principal factor determining facial selectivity for the approach 
of charged electrophile~.[~] However, as the MEP values a t  the 
critical points are significantly less negative than those obtained 
for typical C = C  bonds,["] electrostatic influences are probably 
not of primary importance in determining the facial selectivities 
in these compounds. 

Tdhle 2. MEP 'it (3, + 3 )  minimum and electron density at bond critical point (all 
values 111 Hiirtrcc) [a] 

Cinpd. [h] MEP ' i t  critical point 
, \ j ' l l  (rnli m. o,, 

Density at bond critical point 

l a  -0.0208 -0.0269 02096 0.2174 
I b  -0.0270 -0.0307 0.2121 0.2165 
I C  -0.0129 -0.0202 0.2130 0 2166 
I d  - n 0193 -0.0234 0.2112 02169 
l e  -0.0011 -0 0083 02116 0.2172 
2a -0.0174 -0.0222 0.2114 02172 
2 b  -0.0278 -0.0305 0.2109 02171 

[a] At a critical point of ii scnlar fie1d.f: O f  = 0. The critical points are classified in 
ternis of thc eigenvalues of the Hessian operator. The M E P  and bond critical points 
are (3. + 3 )  and (3. - I )  types in the scalar tields. For details of MEP and density 
topography see Ref. [lo]. [b] MNDO optimized geometries. The olefinic units are 
rsyentially planar in a11 the derivatives. 

To confirm the potential role of orbital interactions in deter- 
mining the facial selectivities in these substrates, the unsymmet- 
rical donor abilities of the oTs and oa bonds (see structures 1 and 
2) were characterized in terms of the electron densities at the 
corresponding bond critical points (Table 2). In all systems with 
electron-withdrawing groups, the oa bond consistently has a 
greater density. Operation of Cieplak-type orbital interac- 
t i o n ~ ~ ~ '  would then lead to the observed syn-facial selectivity. 

Semiempirical M O  calculations on the bromonium ion inter- 
mediates resulting from 2. as well as carbene addition transition 
states. lead to several additional insights (Table 3). Optimiza- 
tion of the bromonium ion intermediates a t  the PM3 level" 
leads to classical structures, and cyclic forms are not minima. 

Table 3. Calculated heats of formation in kcalmol- ' of classical intermediates 
formed by B r '  additions and transition states for .CCI, additions to 2. 

Cmpd. Site of elec- Br+  [a] :CCI, [b] 
trophilic .qjrr oirti .\!'rz ar ir i  
iittac k 

2 a  c - 7  228.64 229.41 91.53 92.37 
C-8 236.29 236.55 93.17 93.21 

Zb c - 7  109.05 109.26 - 23.1 1 - 22.52 
c-8 1 15.64 115.76 -21.66 -21 65 

[a] PM3 mcthod. [h] AM1 method 

The calculations confirm that Br' prefers to attack the C7 cen- 
ter, rather than C8 (by 6-7 kcalmol-I), as a less strained ter- 
tiary carbocation is formed in the former. The computed syn- 
anri energy differences are small. Nevertheless, for both 2 a and 
2b, the ion formed by addition to  the syn face is consistently 
more stable, in agreement with the observed facial selectivities. 
Interestingly, the preference is larger for the ions formed by 
attack at  C7 and not C8, particularly for 2a [AE (anti-syn) = 

0.8 and 0.3 kcalmol- respectively)]. Greater unfavorable elec- 
trostatic interactions are anticipated between the Br+ ion at C7 
and .yn face of 2a. These are evidently overcome by effective 
orbital stabilization involving the Br-C-7a* MO and the rela- 
tively electron-rich antiperiplanar oa bond. 

Transition state energies determined with the AM1 proce- 
dure['" for CCI, addition to 2 are also consistent with the ob- 
served stereoselectivities.L' 21 Since the least motion pathway for 
the addition of a carbene to an olefin is a forbidden pathway,[I3I 
the transition structure is highly unsymmetrical. In effect, the 
carbene forms a bond to one of the olefinic carbon atoms with 
a C-C-C angle of about 90'. The chlorine atoms are tilted to- 
wards the other carbon. which has a planar coordination char- 
acteristic of a carbocation. These features have significant con- 
sequences for the facial selectivities of 2. In view of the un- 
symmetrical nature of the olefins, two sets of first order saddle 
points, characterized by a closer approach of the carbene to C7 
or CS. are obtained for the syn- as well as anti-facial additions. 
Interestingly, the energetically favored transition states corre- 
spond to CCI, attack at  C7. As a result, the newly formed C-C 
bond is more responsive to the unsymmetrical orbital effects 
from oa and o5 orbitals. Further, as the chlorine atoms are tilted 
upwards in the corresponding transition states, any contribu- 
tion from electrostatic interactions from the norbornyl unit are 
precluded. Overall. a clear preference for syn-facial attack re- 
sults. For the transition states for attack at CS. there is negligible 
facial selectivity. Orbital effects and electrostatic interactions 
seem to 

In summary, we have demonstrated a consistent, remote sub- 
stituent control of the facial selectivities in electrophilic addi- 
tions to  endo-substituted 7-isopropylidenenorbornanes. With 
a b  initio and semiempirical MO calculations, i t  has been clearly 
shown that the observed preferences are primarily due to orbital 
effects. 
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any symmetry constraints. Stationary points were characterized rigorously by 
computing vibrationnl frequencies. Minima have no modes uith an imaginary 
frequenc), while transition btructure? have one and only one xibration with an 
iinaginxy frequency. 

[I21 Optimized structural data for prototypical transition states for CCI, addition 
to ethylene are quite similar at AM1 and ab  initio (3-21G) levels [13h]. We 
have also found that A M  1 transition state energetics correctly reproduce the 
observed facial selectivities i n  CCI, additions to X-methylenetricyclo- 
[3.2 1 .02-i]octai~es reported by R. VV! Hoffniann. N .  H;iiicl. B Landmanii. 
( 7 r c r r r  Br) .  1983. 116. 3XY. 

[13] a )  R. Hoffinann. ./. Ani. Chon. Soc. 1968. 90. 1475. b) A b  initio calculations on 
model systems confirm the qualitative predictions: 3-21G: K N Houk. N .  G. 
Rondan. J. Mareda. l i , / r d ~ & o n  1985. 41, 1563. MP2,6-31G*: J. F. Blake. S G. 
Wiervhke. W. L. Jorgensen. J. A m .  C/rlw. SIK 19119. ill. I Y I Y .  

[I41 Ah initio calculations (3-21G) o n  the AM1 transition structures for CCI, addi- 
t ion t o  2a support thegeneral conclusions. Total energies [Hartree] for . \YW and 
unrr-facial addition structures: - 1429.11927 and .- 1429,12620 for C7 tip- 
proacli. - 1429.12650 and - 142Y.12433 for C-X ;ippro;ich. reqpectively Thus, 
the former structures are energetically livored. Further. 5 i w t k e  attack is 

preferred to a grcater extent in  the transition structures corresponding to C7 
approach (1.9 L S  1.4 kcalinol-' for C8 approach) 

Asymmetric Michael Additions to Chiral 
a$-Unsaturated Alkoxycarbene Chromium 
Complexes ** 
Jose Barluenga,* Javier M. Montserrdt, Josefa Florez, 
Santiago Garcia-Granda, and Eduardo Martin 

The Michael reaction is one of the fundamental processes for 
carbon-carbon bond formation; and significant advances in 
asymmetric 1.4-conjugate addition reactions, involving chirally 
modified substrates or a chiral reaction medium, have been 
achieved."] x,b-Unsaturated Fischer carbene complexes. which 
are increasingly playing an important role in organic synthesis,[*] 
behave as reactive Michael acceptors. Since the pioneering work 
by Casey et al. on additions[31 of carbon nucleophiles, several 
other nucleophiles have been 1,4-added to heteroatom-stabilized 
alkenyl-[41 and aIkynylcarbene['] complexes with good regiose- 
lectivities and diastereoselectivities;[bl but thus far no examples 
of enantioselective Michael additions to a.P-unsaturated Fischer 
carbene complexes are known. The asymmetric Michael reac- 
tions of chiral prolinol-derived aminocarbene complex anions to 
cyclic enones have been recently described.['] We report herein 
on highly diastereoselective conjugate additions of B-oxygen- 
functionalized organolithium compounds, alkyllithium reagents, 
and lithium enolates to chirally modified a.P-unsaturated alkoxy- 
carbenechromium complexes that are readily available in opti- 
cally pure form. 

In a previous reportrs1 we described the diastereoselective one- 
pot synthesis of strained tricyclic ethers by reaction of properly 
substituted P-oxygen-functionalized organolithium compounds 
with Fischer vinylcarbene complexes. In order to prepare these 
unusual tricyclic structures as enantiomerically pure compounds 
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(COhCr 

2 

70% 
3a : R' = 2- furyl, 70% 
3b : R' = Ph. 65% 

Scheme 1 Synthesis of chiral carbene complexes 3. TMS = SiMe, 

we synthesized the (-)-8-phenylmenthol-derived vinykarbenes 
31q1 (Scheme 1). The synthesis of these chiral carbene complexes 
was achieved starting from the tetramethylammonium complex 
l [ l o l  by alkylation[' ' I  and condensation."" The reaction of the 
organolithium reagent 4[13] (R2 = CH,=CHCH,) with the 
vinylcarbene complex 3a (R'  = 2-furyl) led to the acyclic 1.4-ad- 
dition product 5a (Scheme 2) with good diastereoselectivity 
(95% do; Table 1 .  entry 1): but the expected['] intramolecular 

?Li 

2. Silica gel 
5a : R' = 2- firryl. R2 = CH2CH=CH2.38% 
5b : R' = R 2  = Ph, 59% 

Ph Ph 

"*, Ph 
NaOMe 

MeOH, 25°C 
6 

49% 
(R' = R2 = Ph) 7 

82% 
Scheme 2. Asymmetric Michael additions of B-oxygen-substituted oreanolithium 
compounds. R*OH = ( -)-8-phenylmenthol. 

Table 1. Asymmetric Michael additions of organolithiuin compounds to optically 
active carbene complexes 3. 

Entry R' R Z  R3 Product Yield 6 w  de [c] b],, [d] Con- 
[a1 [%I  [b] I " / . ]  [%I fig. [el 

2-fury1 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 

5 a  38 - 95 - s  
7 82 [fl 87 [g] - -137 S 
8 a  65 - Y5 S 
l o b  82 [h] 90 [I] -23 s 
IOc 88 [h] 80 [I] - - 9 7  R 
12a 55 - 91 - 5  
12b 67 - 97 S 
12c 69 - 89 - R  

[a] Michael adduct used in each cdse to determine the enantiomeric excess. 
[b] Yield of isolated product after flash chromatography based on the correspond- 
ing carbene complexes 3. [c] Determined by ' H  NMR spectroscopy (300 MHz) and 
further confirmed by HPLC analysis (Nucleosil 120-10. hexane:THF. 15-36:l) 
[d] Optical rotations were recorded in CH,CI, at 20-25 'C. c = 0.25-0.35 g 
100 mL- '. [el Absolute configuration of the new stereogenic center formed in the 
addition step. Determined by X-ray analyses of compounds 8 a  and IZa (entries 3. 
6) and proposed by analogy in all the other adducts assuming the same stereochein- 
ical model. [f] Based on enol ether 6. [g] Determined by HPLC (Chiralcell OD-H. 
hexane: 7-propanol. 3 :  1 )  of compound 7 in comparison with the corresponding 
racernic mixture. [h] Based on the corresponding enol ether Yb. 9c. [i] Determined 
by HPLC (Chiralcell OD-H. hexane:THF, 6- 12: 1) of 2.4-dinitrophenylhydrazone 
derivatives of the corresponding aldehydes 10 in comparison with the corresponding 
racemic products. 




